The goal of this work was to develop and validate a whole bone organ culture model to be utilized in biomimetic mechanotransduction research. Femurs harvested from 2-day-old neonatal rat pups were maintained in culture for 1 week post-harvest and assessed for growth and viability. For stimulation studies, femurs were physiologically stimulated for 350 cycles 24 h post-harvest then maintained in culture for 1 week at which time structural tests were conducted. Comparing 1 and 8 days in culture, bones grew significantly in size over the 7-day culture period. In addition, histology supported adequate diffusion and organ viability at 2 weeks in culture. For stimulation studies, 350 cycles of physiologic loading 24 h post-harvest resulted in increased bone strength over the 7-day culture period. In this work, structural proof of concept was established for the use of whole bone organ cultures as mechanotransduction models. Specifically, this work established that these cultures grow and remain viable in culture, are adequately nourished via diffusion and are capable of responding to a brief bout of mechanical stimulation with an increase in strength.
Introduction
Mechanotransduction models are utilized in bone research to investigate the mechanisms by which bone cells perceive and respond to a mechanical stimulus. Depending upon the research question asked and the goal of the study, mechanotransduction research is most commonly pursued using in vitro (cellular) or in vivo (loading/unloading) models. While much has been learned about the response of bone cells to stimulation from in vitro cell models, these systems have several drawbacks including the utilization of cells in monolayer, dissociation of the cells from the extracellular matrix and the inability to correctly preserve the three-dimensional (3D) architecture of the communication networks found in living bone. While these drawbacks serve as arguments for the use of in vivo models, these systems also present complications. For example, normal loading of the bone can desensitize it to experimental stimulation. Rubin and Lanyon overcame this issue by using an isolated turkey ulna whose mechanical loading could be tightly controlled throughout experimentation (Rubin and Lanyon 1984, 1985) . However, this model did not lend itself well to molecular studies. Currently, rodent models are commonly utilized given the availability of antibodies and transgenics (Turner et al. 1991; Hillam and Skerry 1995) . Using an ex vivo or organ culture modeling approach, whole bone maintained in culture may be subjected to stimulation and the effect of the stimulation assessed in a physiologic milieu maintaining appropriate cell types and numbers within their 3D, communication-intact environment. Thus, we believe that the organ culture models are more 'biomimetic' than in vitro models and as such have tremendous potential in mechanotransduction research aimed at dissecting load-induced osteogenic pathways and mechanisms.
Organ culture systems are not a new concept and their use can be found in the literature throughout the last several decades. Mammalian organ culture systems have ranged from mouse and rat to pig and human and have included aortic, skeletal muscle, diaphragm, pancreatic, liver, tumor, cartilage and bone tissues (Lyubimov and Gotlieb 2004; Swanson et al. 2002; Del Rizzo et al. 2001; Takezawa et al. 2000; Voisard et al. 1999; Merrick et al. 1997; Wetzel and Salpeter 1991; Merrilees and Scott 1982; Jubb 1979; Barrett and Trump 1978; Stepita-Klauco and Dolezalova 1968) . Culture durations have ranged from a few hours in bone systems to 14 and 18 weeks in arterial and aortic models, respectively. Not surprisingly, longer-term viability in the highly vascularized, compliant tissues has been more successful than in the harder tissues. For instance, cartilage models have generally not exceeded 1 week for neonatal models or 2 weeks for embryonic models (Ishizeki et al. 1995; Weiss et al. 1988) . While the models vary greatly, the similar intent of these systems is to provide a more physiologically relevant culture system in comparison with cell culture, enable the study of isolated systems and enable structural studies.
Early experimental validation of the effects of mechanical loading on bone came from the embryologist Glucksmann using embryonic chick limbs under constrained growth in culture (Boyd 2005; Glucksmann 1942) . While both cartilage and bone organ culture models have been developed, one of the earliest routine uses of bone organ cultures focused on their utilization in bone resorption assays and the measurement of radioactive calcium release during matrix degradation precipitated by resorptive agent administration (Fell et al. 1976; Raisz and Niemann 1967; Raisz 1965) . To date, several organ systems have been utilized including calvarial, long and vertebral bones (Murrills 1996; Reynolds 1976) . Organ culture models of the whole bone are much less common in mechanotransduction research than cell culture or in vivo approaches. Nonetheless, they have been used in short-term studies. For example, a single 20 min episode of bending (650 me @ 0.4 Hz) maintained the levels of alkaline phosphatase in tibiotarsi from embryonic chickens, when compared with nonloaded controls (Zaman et al. 1992 ). In addition, expression of collagen type I was significantly greater at 18 h following loading than at 4 h. In this study, the osteogenic response was elicited at strain magnitudes equivalent to those observed in vivo, in immature chicks (Zaman et al. 1992) . Further, the loading effects observed in bones from embryonic chicks were similar to those seen in other species (Dallas et al. 1993) . In particular, activation of PGE 2 -dependent signaling suggests the validity of organ culture for dissecting mechanotransduction pathways and mechanisms.
Our goal was to develop and validate a whole bone organ culture model to be utilized in biomimetic mechanotransduction research. For the whole bone organ culture modeling approach to mechanotransduction research to be successful, it is necessary to demonstrate that the organs remain viable in culture, grow and respond to mechanical stimulation with a response indicative of bone formation, such as an increase in structural properties (mechanical strength, stiffness) or matrix protein production (at the molecular and/or cellular levels). While an exhaustive evaluation of these models will require thorough histological, histomorphometrical, mechanical, and cellular and molecular analyses, in the current work, initial structural proof of concept is established for a novel whole bone organ culture system that utilizes neonatal rat femurs. The bones remain viable in culture, grow and respond to mechanical stimulation with structural adaptations that increase bone strength up to 7 days following loading in culture. In addition to short-term viability (<1 week), histology of the model out to 2 week in culture was also assessed to address the feasibility of the model for longerterm studies.
Materials and methods

Organ culture system
Femurs were obtained from 2-day-old Wistar rat pups. Care was taken to minimize handling; blunt finger dissection was used to extract the bones with the periosteum intact, and all animal procedures were reviewed and approved by the Institute's Animal Care and Use Committee. Upon harvesting, bones were weighed, measured via digital imaging techniques and placed in BGJb (Gibco) medium supplemented with 15% fetal bovine serum (FBS) and 2% penicillin/streptomycin (P/S). To enable oxygen diffusion through the tissues, the bones were placed in 12-well culture dishes on sterile stainless steel mesh inserts to position them at the liquid/gas interface (Garrett 2003) . Prior to reuse, meshes were washed in a mixture of distilled water and 10% nitric acid, rinsed in distilled water and baked for 1 h (Garrett 2003). Medium was added as needed to counteract daily evaporation and changed every 72 h. For growth and stimulation studies, bones were maintained in culture for a period of time not exceeding 8 days; for viability studies, bones were maintained in culture for a period of time not exceeding 15 days (Fig. 1 ).
Assessment of organ culture viability
Bones were subjected to a variety of viability and growth analyses to verify adequate culture conditions. Alcian blue/ alizarin red staining was completed to verify that the bone diaphysis was undergoing mineralization and contained calcium at 1 and 8 days in culture (Kimmel and Trammell 1981) . Tissue viability via passive diffusion was established using a theoretical bone permeability analysis (Beno et al. 2006; Botchwey et al. 2003a,b) . From scanning electron microscope (SEM) images of ashed bone at day 8, pore diameter,
